1 


AEDC-TSR-78-V 11 
JUNE  1978 


HEAT  TRANSFER  TESTS  ON  THE  NOSE  OF  THE 
SHUTTLE  ORBITER  EXTERNAL  TANK  (FH-15) 


D.  B.  Carver  and  D.  E.  Boy lan 
ARO,  Inc. , AEDC  Division 
A Sverdrup  Corporation  Company 
von  Karman  Gas  Dynamics  Facility 
Arnold  Air  Force  Station,  Tennessee 


Period  Covered:  May  1,  1978  - May  5,  1978 


Approved  for  public  i^ease;  distribution  unlimited. 


Reviewed  by: 


\ 


ERVIN  P.  JASKOLSKI,  Captain,  USAF 
Test  Director,  VKF  Division 
Directorate  of  Test  Operations 


Approved  for  Publication: 

FOR  THE  COMMANDER 

cL 

CHAUNCEY  D.  WMTH,  JR,  Lt  Colonel. /JSAF 
Director  of  Test  Operations 
Deputy  for  Operations 


Prepared  for:  NASA-JSC/ES3 

Houston,  TX  77058 


ARNOLD  ENGINEERING  DEVELOPMENT  CENTER 
AIR  FORCE  SYSTEMS  COMMAND 
ARNOLD  AIR  FORCE  STATION,  TENNESSEE 


09  i)8 


ttnoMSHWMMNHWMMI 


934 


iii'iit.  I ■■  I » 


I 

1$ 


& 


UNCLASSIFIED 


REPORT  DOCUMENTATION  PAGE 


REPORT  NUMBER  - 

AEDC-TSR-78-V11 


2 GOVT  ACCESSION  NC 


«.  TITLE  (mtd  Subtlllm) 

) Heat-Transfer  Tests  on  the  Nose  of  the  Shuttle 
' Orbiter  External  Tank  (FH-1 5) * r 


17.  AUTHORf.) 


D.  B. /Carver  D.  E.lBoylanL  ARO,  Inc., 


* PERFORMING  ORGANIZATION  NAME  AND  ADDRESS 

Arnold  Engineering  Development  Center/DOOV 

Air  Force  Systems  Command 

Arnold  Air  Force  Station.  Tennessee  37389  ✓ 

It.  CONTROLLING  OFFICE  NAME  ANO  AOORESS  ' 

National  Aeronautics  and  Space  Administration 
(JSC/ES3) 

Houston,  Texas  77058 

14.  MONITORING^AfiENCy  RAMI’  A APORESSflf  dlllmrmnt  from  Controlling  O 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 
EClPIENt'S  CATALOG  NUMBER 


n-fl'PE  f IIEPBRT1  PERIOD  COVERED 

Final  /ep&t^  MayWHSTB 

fTFWToKSmJToRG.  REPORT  NUMBER 


8 CONTRACT  OR  GRANT  NUMBERfiJ 


10.  PROGRAM  ELEMENT.  PROJECT.  TASK 
AREA  8 WORK  UNIT  NUMBERS 

Program  Elem&rvt.921E01 


June  1178 


WvVp-j 


JORESSf/l  dlllmrmnt  from  Controlling  Ollleo)  15.  SECURITY  CLASS,  (o I Nil*  import) 

UNCLASSIFIED 


IS*.  DECLASSIFICATION 'DOWN  GRADING 
SCHEOULE  \{/f^ 


I 16-  DISTRIBUTION  STATEMENT  (ol  thla  Report) 


Approved  for  public  release;  distribution  unlimited. 


17.  DISTRIBUTION  STATEMENT  (ol  the  abatract  entered  In  Block  20,  II  dlllarant  from  Report) 


I 18.  SUPPLEMENTARY  NOTES 


[19.  KEY  WORDS  (Continue  on  raver  ae  aide  II  naceaaary  and  Identity  by  block  number) 


aerodynamic  heating 
wind  tunnel  tests 
supersonic  flow 
interference  heating 


space  shuttle 


tO  ABSTRACT  (Continue  on  raver aa  aide  II  nacaaaary  and  Identity  by  block  numbar) 

Aerodynamic  heating  tests  were  conducted  using  a 0.0275-scale  model  of  the  space 
shuttle  external  tank  nose  to  obtain  detailed  heat-transfer  distributions.  Spe- 
cial emphasis  was  placed  on  evaluating  interference  heating  around  the  forward 
fairing,  trays  and  gaseous  oxygen  line  and  brackets.  The  thin-skin  thermocouple 
technique  was  used,  and  data  were  obtained  at  Mach  numbers  3,  4,  and  5.5  at  free- 
stream  Reynolds  numbers  of  3.7  and  5.0  million  per  ft.  Model  angle  of  attack  was 
0,  and ($5  deg,  with  sideslip  angles  from  -11  to  +11  deg. 

K 


FORM 
1 JAN  79 


EDITION  OF  1 NOV  69  IS  OBSOLETE 


oc/3  06 


UNCLASSIFIED 


A Q 

u o 


i 


« *AA*«  . > 1.4 A-.-, 


w 


CONTENTS 


NOMENCLATURE  2 

1.0  INTRODUCTION  5 

2.0  APPARATUS 

2.1  Uind  Tunnel 6 

2.2  Model 6 


2.3  Instrumentation  and  Measurement  Accuracy 

3.0  TEST  DESCRIPTION 

3.1  Test  Conditions  

3.2  Test  Procedure  

3.3  Data  Reduction  

3.4  Adiabatic  Uall  Temperature  

4.0  PRECISION  OF  MEASUREMENTS 

4.1  Test  Conditions  

4 . 2 Data  

5.0  DATA  PACKAGE  PRESENTATION  ....  

REFERENCES  


APPENDIXES 


A.  ILLUSTRATIONS 
Figure 

1 . Tunnel  A 

2.  Model  Photographs  

3.  Model  Geometry  .......... 

4.  Model  Installation  Sketch  . . . . 

5.  Thermocouple  Locations  

6.  Data  Verification  Plot  

7.  Typical  Interference  Heating  . . . 

8.  Typical  Tabulated  Data  

B.  TABLES 
Table 

1 . Thermocouple  Dimensional  Locations 

2.  Test  Data  Summary  


NOMENCLATURE 


a^^.a^  Denote  constant  terms  used  to  calculate  R 

ALPHA-MODEL,  u Model  angle  of  attack,  deg 

ALPHA-PREBEND  Sting  prebend,  deg 


ALPHA-SECTOR,  a Tunnel  sector  angle,  deg 
b Model  wall  thickness,  in.,  or  ft 

CONFIG  Configuration  number 

1 . ET  NOSE  - Model  with  hardware  on 

2.  ET  NOSE/CLEAN  - Model  with  hardware  off 

3.  ET  NOSE/T  - Same  as  1 but  using  boundary 

layer  trips 

c Model  wall  specific  heat,  Btu 

P lbm-°R 

CR  Model  center  of  rotation,  in. 

DELY,  AY  Lateral  distance  along  an  arc  sector  relative 

to  cable  tray,  6 “ 31.5  deg  (see  Fig.  5b) 


H(0.95TO) 


Heat-transfer  coefficient. 


I ~ 


H(RTO) 


QDOT  , Btu 

(0.95TO)-TW  ft2-sec-#R 

Heat-transfer  coefficient, 
QDOT  . Btu 
(RTO)-TW  f t2-sec-*R 


HREF,  HREF-FR 


HREF  - 


Reference  heat-transfer  coefficient  based 

2 

on  Fay- Riddell  theory,  Btu/ ft  -sec-°R 
8.1717  (P01)0,5(MU-0)0,4[1-(P-INF/P01)]0,25 
(RN)0,5  (TO)0*15 


x [0. 2235  + 0.0000135  [TO  + 560]] 


L 

MACH  NO.,  M 

CO 

MODEL 
MU- INF 
P-INF 
PO,  po 
QDOT 


where  POI  ~ stagnation  pressure  downstream  of 
a normal  shock,  psla 

2 

MU-0  ~ air  viscosity  based  on  TO,  lbf-sec/ft 
RN  ~ reference  nose  radius,  (0.0275  ft) 

Axial  reference  length,  (50.752  in.) 

Free-stream  Mach  number 

Model  configuration 

2 

Free-stream  viscosity,  lbf-sec/ft 

Free-stream  pressure,  psla 

Tunnel  stilling  chamber  pressure,  psia 

Heat-transfer  rate,  wbcp  (DTWDT) , 

Btu/f t2-sec 


Q-INF 


Free-stream  dynamic  pressure,  psia 


r 


Recovery  factor 


R 

RE/ FT,  Re_ 

OO 

RHO-INF 


Analytical  temperature  ratio,  TAW/TO 
(see  Section  3.4) 

Free-stream  Reynolds  number  per  foot,  ft  1 

3 

Free-stream  density,  slug/ft 


ROLL-MODEL  Model  roll  angle,  positive  for  clockwise 

rotation  looking  upstream  (-0  for  6*0 
facing  top  of  tunnel),  deg 


3 


1 

I 


t 


w 

I L 

I 

mm 


STFR 


STFR  - 


Theoretical  stagnation  point  Stanton 
number  for  a 0.0275-ft  (1  scale  foot) 
radius  sphere  calculated  from  Fay- 
Rlddell  theory 


HREF 

(RHO-INF) (V-INF) [0.2235  + 0.0000135(TO  + 560)1(32.174) 


SWITCH  POSITION 

t 

T 

TAW 

TC-N0(T/C) 

T-INF,  T 
00 

T0,T 
’ o 

TW 

V-INF 


Designates  the  position  of  the  thermocouple 
selector  switch 

Time  from  start  of  model  Injection  cycle, 
sec 

Temperature,  °R 

Adiabatic  wall  temperature,  °R 

Thermocouple  Number 

Free-stream  temperature,  °R 

Tunnel  stilling  chamber  temperature,  °R 

Model  wall  temperature,  °R 

Free-stream  velocity,  ft/sec 


w 


3 

Model  wall  density,  lbm/ft 


X/L 

YAW 


Model  axial  distance  measured  from  10-deg 
cone  apex  (see  Fig.  3b),  in. 

Thermocouple  axial  location  ratioed  to  the 

reference  length,  L (X/L  ■ x /L  - 0.0027) 

m 

Model  yaw  angle,  deg 


0 

Y 

6 

e 

0,  THETA 
X 

SUBSCRIPTS 

e 

1 


Angle  of  sideslip,  equal  to  negative 
yaw  angle,  deg 

Ratio  of  specific  heat,  1.4  for  air 
Local  surface  angle  of  attack,  deg 
Combination  of  model  roll  angle  and  8,  deg 
External  tank  angular  measurement,  deg 
Local  model  deflection  angle,  deg 

Flow  properties  at  boundary  layer  edge 
Initial  conditions 
Free-stream  flow  properties 
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1 . 0 INTRODUCTION 


• "n»i)wiw.'wpi  ■ iiwJivyi*Lwpm*api 


The  work  reported  herein  was  conducted  by  the  Arnold  Engineering 
Development  Center  (AEDC) , Air  Force  Systems  Command  (AFSC) , under 
program  Element  921E01,  Control  Number  9E01-00-8,  at  the  request  of  the 
National  Aeronautics  and  Space  Administration,  Johnson  Space  Center  (NASA/ 
JSC)  for  the  Martin-Marietta  Aerospace  Co.  (MMA) , New  Orleans,  Louisiana. 

The  NASA/ JSC  project  monitor  was  Mrs.  Dorothy  B.  Lee,  with  Mr.  John  Warmbrod 
of  Marshall  Space  Flight  Center  as  the  test  monitor.  The  MMA  project  monitor 
was  Mr.  Harry  Carroll.  The  test  results  were  obtained  by  ARO,  Inc.,  AEDC 
Division  (a  Sverdrup  Corporation  Company) , operating  contractor  for  the 
AEDC,  AFSC,  Arnold  Air  Force  Station,  Tennessee.  The  test  was  conducted 
in  the  von  Karman  Gas  Dynamics  Facility  (VKF) , Supersonic  Wind  Tunnel  (A) 
under  Project  No.  V41A-20.  The  test  period  was  from  May  1-5,  1978.  Copies 
of  the  final  data  were  sent  to  NASA  and  MMA  on  June  2,  1978  in  the  form  of 
a Final  Data  Package.  Requests  for  copies  of  the  data  should  be  sent  to 
NASA/JSC.  A microfilm  record  will  be  retained  permanently  within  the  VKF 
and  one  printed  copy  will  be  retained  temporarily. 

The  primary  test  objective  was  to  obtain  heat-transfer  distributions 
on  the  forward  23  percent  of  the  Space  Shuttle  External  Tank  (ET) . Specific 
objectives  were:  (1)  to  determine  the  change  in  heating,  if  any,  due  to  the 
small  change  in  the  nose  spike  and  (2)  to  measure  the  interference  heating 
on  the  surface  around  the  forward  fairing,  trays,  gaseous  oxygen  (GOX)  line 
and  brackets,  for  comparison  with,  "clean  body"  heating  data. 

The  test  was  conducted  using  the  thin-skin  thermocouple  technique  to 
obtain  the  heat-transfer  data,  and  selected  flow  field  information  were 
obtained  using  shadowgraph  and  oil  flow  photographs.  Data  were  obtained  at 
Mach  numbers  3,  4 and  5.5;  and  at  free  stream  Reynolds  numbers  of  3.7  and 
5.0  million  per  ft.  Model  angle  of  attack  was  0,  and  ±5  deg,  with  sideslip 
angles  from  -11  to  +1 1 deg. 


2.0  APPARATUS 


2.1  WIND  TUNNEL 

Tunnel  A is  a continuous,  closed-circuit,  variable  density  wind 
tunnel  with  an  automatically  driven  flexlble-plate-type  nozzle  and  a 
40-  by  40-in.  teat  section.  The  tunnel  can  be  operated  at  Mach  numbers 
from  1.5  to  6 at  maximum  stagnation  pressures  from  29  to  200  psia, 
respectively,  and  stagnation  temperatures  up  to  750°R  (M^  ■ 6).  Minimum 
operating  pressures  range  from  about  one-tenth  to  one-twentieth  of  the 
maximum  at  each  Mach  number.  The  tunnel  is  equipped  with  a model  in- 
jection system  which  allows  removal  of  the  model  from  the  test  section 
while  the  tunnel  remains  in  operation.  A description  of  the  tunnel  and 
airflow  calibration  information  may  be  found  in  Ref.  1.  A schematic 
view  of  Tunnel  A and  the  model  injection  system  is  shown  in  Fig.  1, 
Appendix  A. 

2.2  MODEL 

The  ET  Forebody  model  used  for  the  present  test  was  a 0. 0275-scale 
model  of  the  forward  23  percent  of  the  Space  Shuttle  External  Tank  which 
was  designed  by  Rockwell  International.  Model  design  and  fabrication 
was  performed  by  Martin  Marietta  Aerospace  with  details  given  in  Martin 
drawing  WT7508001 . The  model  was  constructed  of  304  stainless  steel  with 
a skin  thickness  of  0.030  in.,  ±0.0005  (per  fabrication  specifications) 
at  the  instrumented  areas.  Skin  thickness  spot  check  measurements  were 
made  at  the  VKF  using  an  ultrasonic  thickness  measuring  instrument. 
Excellent  agreement  was  noted,  typically  within  0.001  in.  All  thermo- 
couples were  spot  welded  to  the  thin  - skin  inner  surface.  Model  photo- 
graphs are  presented  in  Fig.  2 and  the  basic  model  geometry  is  defined 
in  Fig.  3.  A sketch  of  the  model  installation  is  shown  in  Fig.  4. 


Two  configurations  were  tested,  one  with  all  hardware  (ET  NOSE)  on, 
the  other  with  the  hardware  removed  (ET  NOSE/CLEAN).  Boundary  layer  trips 
were  added  during  the  test  to  verify  that  the  boundary  layer  was  naturally 
turbulent.  The  trips  were  formed  from  either  twisted  wires  or  commerlcal 
carborundum  grit.  Two  0.004-ln.  diam  wires  were  twisted  together  and  spot 
welded  to  the  model  surface  for  the  first  type  of  trip.  The  second  type 
of  trip  was  formed  with  #60  carborundum  grit,  about  1/4-in  wide.  In 
each  case  the  trip  was  located  just  behind  the  fairing. 

2.3  INSTRUMENTATION  AND  MEASUREMENT  ACCURACY 

Tunnel  A stilling  chamber  pressure  is  measured  with  a 15,  60,  150,  or 
a 300-psid  transducer  referenced  to  a near  vacuum.  Based  on  periodic  com- 
parisons with  secondary  standards,  the  accuracy  (a  bandwidth  which  Includes 
95  percent  of  the  residuals  i.e.  2a  deviation)  of  these  transducers  is 
estimated  to  be  within  ±0.2  percent  of  reading  or  ±0.015  psla,  whichever 
is  greater.  Stilling  chamber  temperature  is  measured  with  a copper-con- 
stantan  thermocouple  with  an  accuracy  of  ±3°F  based  on  repeat  calibrations 
(2o  deviation). 

<S> 

The  model  was  instrumented  with  250  Chromel  -constantan  thermocouples 
with  locations  Illustrated  in  Fig.  5,  and  their  dimensional  locations  given 
in  Table  1 . All  thermocouples  were  spot  welded  to  the  thin-skin  inner 
surface. 

The  data  were  recorded  using  the  Digital  Equipment  Corp.®  PDP-11  and 
DEC-10  Computers  in  conjunction  with  a Beckman® 210  analog-to-dlgltal 
converter.  Data  from  a maximum  of  97  thermocouples  can  be  recorded  during 
each  tunnel  injection.  However,  three  switch  positions  provided  the  capa- 
bility to  record  data  from  all  250  thermocouples  during  three  tunnel  injec- 
tions. 
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3.0  TEST  DESCRIPTION 


3.1  TEST  CONDITIONS 

The  test  was  conducted  in  Tunnel  A at  nominal  Mach  numbers  of  3,  4, 
and  5.5  and  free-stream  unit  Reynolds  numbers  of  3.7  and  5.0  million  per 
ft.  Data  were  taken  at  model  angle-of-attack  values  of  -5,  0,  and  5 deg, 
with  sideslip  angles  from  -11  to  11  deg.  The  nominal  tunnel  test  conditions 
are  listed  below,  while  a complete  test  summary  showing  all  configurations 
tested^,  and  the  variables  for  each^is  presented  in  Table  2. 

Btu 

W — »_  T 4 On  tm  nn  P . 2 On  n . 1 


Po,  psia 

V*  0R 

HREF,  ft2-sec-°R 

3.01 

36 

720 

0.056 

4.02 

65,63 

740,720 

0.049 

5.5 

127 

720 

0.039 

5.5 

174,172 

730,720 

0.046 

* Compressor  plant  inlet  temperature  limitations  required  reducing 
stagnation  temperature  below  the  level  requested  by  the  user  and 
project  engineer.  Tunnel  stagnation  pressure  was  adjusted  to  main- 
tain the  same  Re. 
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3.2  TEST  PROCEDURE 

The  initial  step  prior  to  recording  the  test  data  was  to  cool  the 
model  to  approximately  40°F  with  cooled  high  pressure  air.  The  cooling 
manifold  was  retracted  from  the  model  and  the  model  attitude  was  established 
prior  to  injection.  The  thermocouple  outputs  were  scanned  approximately 
17  times  per  second  starting  prior  to  model  injection  into  the  air-stream 
and  continuing  about  5 seconds  after  the  model  reached  tunnel  centerline. 
When  the  model  reached  tunnel  centerline  the  model  was  Immediately  trans- 
lated forward.  After  each  injection,  the  cooling  cycle  was  repeated  to 
cool  the  model  to  an  isothermal  state. 


3.3  DATA  REDUCTION 


The  reduction  of  thin-skin  thermocouple  data  normally  involves  only 
the  calorimeteric  heat  balance  which  in  coefficient  form  is: 


H(TAW)  - wbc 


dTW/dt 
p TAW-TW 


For  this  test  a value  of  0.95  TO  (based  on  experience)  was  selected 
for  TAW  and  equation  (1)  can  be  written 


H(0.95TO)  - wbc 


dTW/dt 
p 0 . 95TO-TW 


Radiation  and  conduction  losses  are  neglected  in  this  heat  balance 
and  data  reduction  simply  requires  evaluation  of  dTW/dt  from  the  temperature- 


time data  and  determination  of  model  material  properties.  For  the  present 
tests,  radiation  effects  were  negligible;  however,  conduction  effects  can 


be  significant  in  several  regions  of  the  model.  To  permit  identification 
of  these  reqions  and  to  improve  evaluation  of  the  data,  the  following  pro- 


cedure  was  used. 

Separation  of  variables  and  integration  of  equation  (2)  assuming 
constant  w,  b,  cp,  and  TO  yields 


H(0.95T0) 


- t±)  - An|^- 


95TO  - TWj 
95TO  - TW 


Differentiation  of  Eq.  (3)  with  respect  to  time  gives 


HC0.95T0) 

wbc 


0.95T0  - TW. 


0.95T0  - TW 


0.95TO  - TW, 


Since  the  left  side  of  Eq.  (4)  is  a constant,  plotting  JLn[CL95TO  - TW 
versus  time  will  give  a straight  line  if  conduction  is  negligible.  Thus, 
deviation  from  a straight  line  can  be  interpreted  as  conduction  effects. 


* * * i ,■  *>  * 


The  data  were  evaluated  In  this  manner,  and  generally  a linear 
portion  of  the  curve  was  used  for  all  thermocouples.  A linear  least- 
square  curve  fit  of  [(0.95TO-TWi)/(0.95TO-TW)]  versus  time  was  applied 
to  the  data.  Data  reduction  was  started  as  soon  as  the  model  reached 
the  tunnel  centerline  and  the  curve  fit  extended  for  a time  span  which 
was  a function  of  the  heating  rate,  as  shown  In  the  following  list. 


16  < 

8 < 
4 < 

2 < 
1 < 


Range 

dTW 

dt 

dTW 
dt  5 

dTW 
dt  - 

dTW  < 
dt  “ 

dTW  < 
dt  = 

dTW  < 
dt  = 


dTW  < 
dt  = 


32 

32 

16 

8 

4 

2 

1 


No.  of  Points  (Fit  Length) 
5 

7 

9 

13 

17 

25 

41 


The  above  time  spans  were  generally  adequate  to  keep  the  evaluation 
of  the  right  side  of  Eq.  (4)  within  the  linear  region.  The  linearity  of 
the  fit  was  substantiated  by  visual  inspection  of  the  cases  in  question. 
This  visual  check  of  the  data  was  done  on  the  VKF  graphics  terminal. 
Strictly  speaking,  the  value  of  c^  for  the  material  was  not  constant,  and 
the  following  relation 

0^  = 0.0825  + (6.5  x 10  TW,  (304  stainless  steel)  Btu/lbm-°R  (5) 

was  used  with  the  value  of  TW  at  the  midpoint  of  the  curve  fit.  The 
maximum  variation  of  Cp  over  any  curve  fit  was  less  than  0.5  percent. 


» 
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3 

The  value  of  density  used  for  304  stainless  steel  was  w • 488.0  lbm/ft 

and  the  skin  thickness,  b,  was  0.030  In. 

/ 

/ 

3.4  ADIABATIC  WALL  TEMPERATURE 


The  maximum  available  tunnel  stagnation  temperature  for  each  Mach 
number  tested  Is  listed  In  Section  3.1.  With  these  relatively  low  stag- 
nation temperatures,  the  difference  between  the  model  wall  temperature 
and  recovery  temperature  was  generally  small  In  regions  of  peak  heating. 
This  small  temperature  difference  causes  the  calculation  of  the  heat- 
transfer  coefficient  to  be  very  sensitive  to  deviations  from  the  actual 
adiabatic  wall  temperature.  Two  values  of  the  heat- transfer  coefficient 
have  been  calculated  based  on  an  assumed  constant  recovery  temperature, 
namely  H(T0)  and  H(0.90TO).  To  account  for  changes  in  the  recovery 
temperature  a third  value  of  the  heat-transfer  coefficient  has  been 
tabulated  based  on  an  analytical  temperature  ratio,  R « TAW/TO. 

The  analytical  method  for  determining  R was  developed  by  Rockwell 
International  and  has  been  used  to  calculate  H(RTO) . In  this  method,  the 
following  relationships  were  assumed: 


r TAW 
R TO 


(6) 


and 

TAW  - T (1  + r M 2)  (7) 

e i e 

r ■ 0.898  for  turbulent  flow 

with  r being  the  recovery  factor  and  the  subscript  e identifying  local 
properties  at  the  boundary-layer  edge.  From  these  relationships,  the 
temperature  ratio  can  be  defined  as: 

1 + 0.2  r M 2 

R (8) 

1 +0.2M 

e 


I 
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which  is  a function  of  the  recovery  factor  and  the  local  Mach  number. 
The  local  Mach  number  can  be  written 


r ! F * 


It 


L 


jf 

1 I 


] I 

L • 


i 

I 

1 

I 


Me  " Me(M»*6> 


(9) 


where  00  identifies  the  free-stream  property  and  5 Is  the  local  surface 
angle  of  attack. 

The  local  Mach  number  can  be  approximated  by  using  tangent  cone  flow 
theory,  and  was  used  in  Equation  (8)  to  give  R as  a function  of  M^  and  <5. 
Calculations  of  R were  made  for  several  values  of  M„  and  6,  and  the  results 

CO  9 

were  curve  fit  by  Rockwell  International.  The  following  equation  resulted 

*3 


R(M00,6)  - a,  + a2  • (sin  6)  ' (10) 

where  a^ , are  constants  for  a particular  Mach  number.  The  values 


of  a.j , a^,  a^  used  for  this  test  are: 


M 

OO 

a1 

a2 

a3 

3.0 

0.9345 

0.1004 

2.165 

4.0 

0.922 

0.1004 

1.965 

5.5 

0.910 

0.1004 

1.686 

Standard  matrix  techniques.  Ref.  2,  were  used  to  derive  the  follow- 
ing relations  for  6,  as  applicable  to  the  model  geometry. 

6 - arcsin  (sin  X cos  o + cos  X cos  e sin  a ) (11) 

8 8 

ag  = alpha-sector,  deg 
e = roll  model  + (0  +180),  deg 
X = local  model  deflection  angle,  deg 


where 


X - sin  ' ( 


-1 ,12.062  - 


•),  deg  for  thermocouple  on  the  ogive 
16.876  section  x > 1.355  in. 


m 


(X/L  > 0.0238) 


X ■ 39.38  deg  for  thermocouples  on  the  cone  section, 
x,,,  < 1.355  In.  (X/L  < 0.0238) 


X ■ 55  deg 


for  all  thermocouples  on  the  fairing 


12 


The  method  used  to  calculate  the  analytical  temperature  ratio,  R, 
has  been  applied  to  all  of  the  tabulated  data.  The  method  represents  a 
simplified  approach  to  present  a more  realistic  evaluation  of  TAW.  However, 
in  regions  of  separated  flow  or  complex  interaction,  the  values  calculated 
for  R may  no  longer  apply  and  should  be  used  with  extreme  care. 


4.0  PRECISION  OF  MEASUREMENTS 


The  accuracy  of  the  basic  measurements  (pQ  and  Tq)  was  discussed  in 
Section  2.3.  Based  on  repeat  calibrations,  these  errors  were  found  to 
be 

Ap  AT 

— - 0.002  - 0.2%,  “ 0.005  - 0.5% 

P°  o 

Uncertainties  in  the  tunnel  free-stream  parameters  and  the  model 
aerodynamic  coefficients  were  estimated  using  the  Taylor  series  method 
of  error  propagation,  Eq.  (12) 


(AF)‘ 


3F  AV 

3X  AXnJ 
n 


02) 


where  AF  is  the  absolute  uncertainty  in  the  dependent  parameter 

F » F(X, , X-,  X_  ...  X ) and  X is  the  independent  parameter  (or  basic 
l l j n n 

measurement).  AX  Is  the  uncertainty  (error)  in  the  independent  measure- 
n 


ment  (or  variable). 


4.1  Test  Conditions 

The  accuracy  (based  on  2o  deviation)  of  the  basic  tunnel  parameters, 

Po  and  Tq,  (see  Section  2.3)  and  the  2o  deviation  in  Mach  number  determined 
from  test  section  flow  calibrations  were  used  to  estimate  uncertainties 


In  Che  ocher  free-stream  propercles  using  Eq.(12).  The  compuced  uncerCalnCies 

in  Che  Cunnel  free-stream  condlCions  are  sunmarized  In  Che  following 

table. 


Uncertain tv 


jercent  of  actual  value 


M 

00 

Poo 

‘loo 

Reoo 

3.01 

0.6 

2.6 

1.4 

1.2 

4.01 

0.4 

2.4 

1.5 

1.2 

5.50 

0.3 

1.9 

1.3 

1.1 

The  uncertainty  in  model  angle  of  attack  and  sideslip  angle  as  deter- 
mined from  calibrations  is  estimated  to  be  ±0.2  deg. 

4.2  DATA 

Estimated  uncertainties  for  the  individual  terms  in  Eq.  (2)  were  used 
in  the  Taylor  series  method  of  error  propagation  to  obtain  uncertainty  in 
values  of  heat-transfer  coefficient  as  given  below: 


K ’■p0)  . ft  -sec-°R 


Uncertainty.  (±)  percent 


The  data  were  deleted  from  the  results  for  thermocouples  which  consistently 
exceeded  the  above  quoted  uncertainties. 

5.0  DATA  PACKAGE  PRESENTATION 

Detailed  heat-transfer  rate  distributions  were  obtained  on  a 0.0275- 
scale  forebody  model  of  the  space  shuttle  external  tank.  Two  configurations 
were  tested,  one  with  all  hardware  on,  the  other  with  the  hardware  removed. 
The  standard  configuration  (hardware  on)  data  can  be  compared  directly  to 
the  clean  model  data,  thereby  providing  a ratio  of  Interference  heating  to 
undisturbed  heating. 


Shadowgraph  pictures  were  taken  during  many  model  injections  and 
two  oil  flow  Groups  were  made  at  the  end  of  the  test  program. 

Data  verification  is  best  determined  by  comparing  data  from  the 
clean  model  (no  hardware)  to  appropriate  analytical  solutions.  Because 
of  the  complex  geometry  of  even  the  clean  model,  no  truly  accurate 
analytic  modeling  can  be  computed  for  the  nose  area.  However,  theory 
(Ref.  3)  for  a cone-ogive-cylinder  at  zero  incidence  is  shown  compared 
to  the  present  data  in  Fig.  6.  The  agreement  is  considered  adequate. 

A typical  interference  heating  ratio  plot  is  shown  in  Fig.  7.  Typical 
tabulated  data  are  shown  in  Fig.  8. 
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a.  Overall  Geometry 
Figure  3.  Model  Geometry 


SIDE  VIEW 


SUPERSONIC  TUNNEL  A 


Figure  4 . Model  Installation  Sketch 


Notes:  1.  See  Table  1 for  Coordinate  Informatic 
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Figure  5.  Continued 
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Theraocouples  Near  GOX  Line  and  Tray/Brackets  B2  and  B3 
Figure  5.  Continued 


Thermocouples  Near  GOX  Line  and  Tray/Brackets  B4  and  B5 
Figure  5.  Continued 
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Figure  5.  Continued 
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Thermocouples  Near  GOX  Line  and  Tray/Brackets  B8  and  B9 
Figure  5.  Continued 


Thermocouples  Near  GOX  Line  and  Tray/Bracket  BIO 
Figure  5.  Concluded 
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Figure  6.  Data  Verification  Plot 


NOTES: 

Data  from  groups  73  and  297. 

See  Fig.  5s  and  St  for  thermocouple 
Location  and  model  geometry. 

" 4 .02 

Re**  3.71  x 106,Tt-1 
Model  at  zero  incidence 


Data  Fairing 


Figure  7 


. 


r- 

r *• 


it] IS  PAM  IS  BEST  QUALITY  PRACTICUU 
I to*  OOPXJUrailSHEC  IODOjG 


x x r*  o 

» - 1 - M 

XNX>«  f 

X ~ X ••  M 

o 

40  CM  X 

o 

X 

X • 

X 

u f 

O O O Q U 

n m 

Uhl  U)  b)  4 

o 

KHOQX 

O XH 

adftR3  XO  UH« 

a.  a.  o o x 

4 • ►*  H 

x x u u : 

MO  MO 

OOUUH 

S P 

w 

j 

14  14  14  tai  *3 

tat 

H >:  H X o 

0 ^ 

■*.  M •*  tta  x 

DO  fr* 

OH  OH  k 

X « ft. 

4 • • • • • 


8‘ 


llAlAOlAlAn«0O00#«r«9lAOOO«l«tON)l»OtflMO 

MAO«AM«09nANA«009n*tN«<fMMOO«rtO*« 


• • • • 


»OOOf 

• • 0 9 


ui4>  mi  # 


IOt«449  «ta04!«r>XM(H<taOI 


• • 
4 o 
4 4 

o 


\00090000000000000009000MH«4<r«»<H.4««M*4««M»«**»4#lM.«MM««< 

*<•••••••••••••••••••••••••••••••••••••••••••• 

ooooooooooooooooooooooooooooooooooooooooooooi 


■ Km 

lb*  • 

X «o 


fti4i4i4iif»ff4ixf<#r*4ir»tftXft*X'«M-fti«irtatfi4ia»f'4firfftir«ff<r«>fO'nf'*>Mft»f 


oooooe  o o o o o o o < 


41  ft«o 

i 

» • • • 

IOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 


14  • 4w 


X 

A. 

•a 

X 


« ooooooooooooooooooooooooooooooooooooooooooooo 

X O Id  4 Id  U bl  bl  U!  Ut  4)  U U1  u:  U u U)  u u !|)  u ui  .«:  u:  h)  U U!  u Ul  U 4 k‘  111  U U U1  bHO  Ik'  h!  h)  U 4 Ui  4 U M 

n h <Ho*o*nr*omin»n»>*oiro»n4»oooo^r>ir*«oooop*fo«^*-ff*n^»«ctCiOo«0 


O W 
• o 
;o  i 


tmr*<niA9M»9*>NO(A*«,D**9>#CP*M)>«o«*>nt9«4( 


ooooooooooooooooooooooooooooooocooooooooooooo 


m 

x * m 

hix  • 
tt  ol  x 
X W 


««Oro09>»MmAnh  f «N«n»c»*>(aOhSC  M ■ « <r  Ml 


4 9 

X 


OL  4>  tf:  4>  4 

oooooooooooooooooeooo 


>0000000000000000000000 


; 


•a 

14 

c.  - 
o o 


I Ml 
4 C 
98 
<L 

•a 

<4 


k *4  *« 

v.  • r* 
UM  • 
Kk  m 


V 

o 


H x m o x o r*  xr-  x o o o o x o 0 «*  o 
x cm  o c*  » r*  o « o o x o •»  o o oo  a>  ^ ®»  f o 0 

M>«4sr  nhMrmNo»»M»a*ooo^« 


Ofl.  04Wtf>«  - 

S?SS22S53?SS?S!S2P5S;3SS 


i»*ooooM.ftOooocooMooocoooooooooooooooeooooo 


VJ  • 

(4  O 

o x 

• f* 


I-*  c 

k I 

4U«fl 
Hko 
• MU  f 
SI  • 
x * -* 
•3 


OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 


g 

X M 


14 

5 


<*mxftptf>4iMt9«-<xxx«»ot*fx«»i*x<»x4»4ir«£»c<6«-o«ft*tar*r*ta«xoof4iotfiox 
x »•  o»  >i  **4>xc*,/iCtacr>ftio  « o f r*  o«>  a o«  o » 4 cs  e r*  ^or~oo*«oor*4  N«OMtiAN<f 
M4  444^ 


At  « 
ta 

o 


HH  I 
• u hi 

o\^ 

XX  4 
XOf 
4 • 


E*  •••••••••••••• 

h 00000000000000 

X 


X 

X 

o 

ft* 

• 

h*  O 

• 

o 

14 

41 

X 

o 

X 14 

41 

► 

tal 

14 

Cl 

M 41 

O 

w 

«0 

X 

X 

• 

I 

X 

X 

X 

41 

X 

► 

0« 

ft 

0- 

hi 

tf 

X 

>• 

M 

Ju 

X 

w 

Sf 

•a 

V. 

M 

X 

M 

hi 

04 

f- 

a 

Cl 

X 

X 

o 

9. 

X 

14 

ft 

c. 

X 

o 

ta. 

• 

X 

ft. 

X 

ft 

o 

o 

u 

X 

X 

M 

r» 

M 

O 

O 

<4 

hi 

M 

X 

• 

wO 

X 

Cl 

M 

«Q 

X 

1 

X 

f 

M 

a 

M 

X 

O 

•4 

& 

a 

w 

> 

M 

X 

X 

u) 

X 

H 

M 

M 

-c 

M 

C 

O 

o 

< 

4* 

41 

X 

O 

N 

•« 

4. 

M 

tal 

ft 

ha 

M 

u 

□ 

o 

14 

13 

a 

A 

U 

u. 

X 

n 

•4 

X 

*0 

X 

41 

M 

f 

4 

o 

■4 

C5 

•ta 

M 

X 

• 

u 

o 

ta. 

X 

V5 

• 

X o 

• 

ta. 

H 

X 

w 

:• 

a 

v: 

ft. 

w 

h> 

H 

• 

rj 

•« 

•ta 

u 

3. 

>. 

4 

X 

a 

o 

ft. 

X 

u 

M 

a- 

•c 

O 

A* 

m 

l*i 

M 

■a 

>* 

X 

X 

X 

r* 

e 

a 

X 

a 

f 

X 

VI 

• 

m 

o 

41 

4 

« 

X 

u 

o 

M 

Ml 

f 

• 

X 

o 

X 

X 

X 

9 

a 

r* 

o 

x 

X 

> 

X 

M 

O 

H 

m 

H 

ooooooooooooocoooo  00  000000  OOO 

oocoooooocooooooooooooooooooooooooooooooccooo 

VWUlUUWMiUUlkWWUUU!  kUikUUlU.*UklMUlUU)U'UUUikUk'  itIUklUlUWWkUWM 
Nr>4ttrtr*  o »a  m>  4 r o n « - <»>  r*  * »ioo**9>^o.Nn4r*(n««na>p*44«OrtA««*«# 


'kftf*ft4O<*l4«*)O«*ia«>»>«0CI**irMP44  44  •WiA4«eN***'4r«O»<»0«A 


ooooooooooooooooooooooooooooooooooooooooooooo 


4 ^4>r*  0‘f»XXOM41«*O  « 4 A C m4  r*4>*«4«  4»  H09  •*  r* 

4r*t|><mAi4ne4«>ft04hiHO4Mm»N«44444  o x r*  r*  •*  f c — e f r*  r*  r*  *•  «r  r*  o x 


• »4  0«*44W**^4  4,M^«#*4f*<44«9**9»»40lft««40«44i9®»n4ClN^M 

H M *4  »ta  H C(  «*•*»*«•  h H M H « 


»ii*  i •*<«««  *«m4  •f'A<M<£'04if»«(no«o«r*ttr*»e»OfO«» 

4 -•  f <*•  r*  »r  f r-  — .<i  o 4*  x x tf>m«  ^►t»044«N->r  *■•  m>  '»M>cniflc>«o>«M  *•  r»  o <•  <# 
m>tMI4tl.riA4  4 J 4 44r94><04Mn«n<nr<O<C  4M*  # 4 # *1  xr'4>xr<.r*c*XX4»4»-rO 


Hull-  I «.  4'44>A^44«r*r‘r.  1 a 9 CM>.  » O 00000  0 04 


33 


a . . _ . . _ 


' T *r  « « V*  % >* 


. 


\ : 


THIS  PASS  15  BBS!  QUALITY  FSACT1CAHLI 
KWuil  COPY  FURNISHED  TO  DOC  — 


I «•  • 


ft  mi  mi  mi  mi  o o mi  * o o n o o * * mi  4*  n *•  • m mi  * o • © m 

ij  O fl  O I)  J o'  O « i)  ('  J U O • O O I)  o • • o • • o • J • 

n i • ii  9 •••  il 


m mm 

IMAM 


ft? 


i o ««  m ni 

100004 

III 


••r 


o © Ml  > 

Ml 

ft 

OOOOM 

ft 

o 

ft  • 
oft 

41 

ft 

ft 

hi  ft  ft  ft  « 
H H O a A 

S>  O ft  ft  =* 

o 
ft  o 

O 

XM 

OHA 

3 

H 

ft  ft  O O ft 
A1UU 

ft  • 
H ft 

h M 

H ft 

• 

OOUUH 
U Oft  ft  o 

u 

■4 

ft  o 

ft  ft 

ft 

ft 

U 

lAMMNMMMNOMMMMMMIMNNiIMflOM 


h »:  »«  X O 

AH4MO 

QHQHM 


hi 

O 

O m 


•e»«*ft*h»M«M<M**M»OMi©o«i4»4»oooftftftftftei  o 


tooooooooooooooooooooooo  o oooo  oeoooooooo 


J o 
J Ml 
Cl 


o 

ft 

O 

ft 

ft  « Ml 

ft 

hi 

ft  X • 

X 

■1 

H ft  C* 

w 

ft  • 

ft  H 

X 

ft  o 

ft 

ft 

• 

H 

ft 

ft 

o 

X 

Ml 

ft 

ft 

ft 

X 

•4 

W 

w 

ft 

O N 

X 

• O 

ft©  • 

ft 

ft  ft 

O 

ft 

ft 

ft  • • 

O H 

M«  • 

hi  O 

ft  a ft 

UL 

ft  • 

X w 

1 ft 

ft  • 

X 

ft 

ft 

Ul 

•4 

ft 

X 

ft 

o 

X 

♦ 

ft 

si 

ft 

•4 

ft  ft  re 

o 

U) 

ft  «H  ft 

ft 

C •< 

\ l r 

o 

o o 

UH  • 

*> 

V • 

ft  ft  ft 

• 

1 Ml 

w 

ft  1 

X 

X 

ft 

ft 

•4 

ft  ft 

ft 

8-  o 

ft 

ft  l 

o 

ft  'ft  ft 

ft 

sue 

o 

ft  ft  c 

a* 

ft 

1 MM 

• 

ft 

S>  • • 

w 

tr  • 

X X ft 

X 

ft  o 

•4 

a a 

%r» 

ft 

o 

ft 

a 

NNMr*  M 

HHM  A 
® AO* 

m 

© 

or  MM 

oe  or 

A 4H  h 4H  N 

» n 4 e 
ANAM 
• • • • 

c4i»-Acte«rM4eoe«04 

♦ 

«• 

• 

e mm  h 

HA  HH 
• • • • 

H«4f«HHOftftH  H 

OOOOOOOOQOOOOOOOOOOOOOOOOO 


OOOO  0000000004 


o o o o o o o o o o o o o o o o o o o o o o o o o o o oooo  oooooooooo 

» ilia  •••••■••it 

UUilUblUIWUlUUUWUUItiWUUillUllUUVUU  U ^ h?  ft  ft  UWUUUUUUU^J 

«NMO*MMMAMONM’*MM-AAOA*hO»*h  « W • • r « O « tfl  4*  MM*  O ft 

M*4A,OC««OAhnf»M>«*OM|AOOAMAOAMMA  M MM  AM  A*ftft4»4»OftOOft 


oooooooooooooooooooooooooo 


OOOO  0000000004 


oooooooooooooooooooooooooo 


oooo  ooooooooi 


0)A«M4ir»0  0««MA»(<(nA 
MAAAAAA«MAAMMNIIMA(1M«4MM*«ANh 

oooooooooooooooooooooooooo 


oooo  oooooooooo 


oooooooooooooooooooooooooo 

ii!  to)  il  i<  U)  >J  Ui  j)  kl  id  >>1  •*>  V a U)  j)  U (ii  ki  >‘i)  )•}  «l 

— 9 »#AM«lMnfc'rN»l«'***ArtOMiil»hPO'l 
«rtd-pT4AN«0AHaMr  o»  o~*ov<+Mm««mr»otMi 


• (A  « 


oooo  oooooooooo 

III!  I I I I • I • I I I 

•1U«U  MM  MltlU  I*IM  a) 

Ml  « ft  * h0A(l»>0(lMA 

»*OAH  »M»h«NA4h« 

•M  m«M  ♦ ©OftOM’MI^ft’X 


oooooooooooooooooooooooooo 


oooo  oooooooooo 


ft  • 

X «n  o 

O 

K.  Ml 

ft  ft  • 

ft 

a « 

1 ft  hi 

w 

o >r 

X 

o 

X X M 

a 

X X «M 

O CM 

•4  • 
w « 

• . 

ft 

x o 

ft 

ft 

• 

ft  U • 

c 

ft  10 

X «r 

VT  .«|  Ml 

ft 

U hi 

O 

MMO 

ft 

1 • M 

X 

ft  40 

s. 

>H« 

ft  ft  o 

ft 

ft  ft  Z X 

w 

VlMMAAMOAwMHAtfMOOPMMOieMAMMiai  tO  • AAC«OMM«MO 

mi*«  ci/(*0>AMftOr‘®#a»fcm  m r»  • o*  n ft  r*  n « r*  -*ft»n©cec«ft^©© 

OVAO*«r*r>M<OMIMVMMOAMMOMO  O O*  AM  ®C  A 

N (N  H •>  A H O O AmmmOOO  AH 


H OOOOOOOOOOOOOOOOOOOOOOOOOO 


OOOO  OOOOOOOOOO 


> JAH 
4 M U H 
Ii  OH  A 


> A 


Vf  O h. 

o u 

*H  MOU 


««.  U A4 

<4 

ft  C ft  ft  o 

-4  O 

> ft  >.'  .4  A 

*1  A 

ft  ft  <A  ft 

O 

O •!  ? U|  H 

O ft 

4 X hi 

X IM 

Ann 
H M • 
I bM 
O « 


O 

ti 

O 


a*  a • 


c.  t W O ft 

ft  < re 

W ’ii  <o  X 41 

A ft  *M 

*-*  «/>  • 

O o ft  c 

o 

• 0.0 

• ft 

►« 

ft  W 

:m 

Ih  7 K W 

M 

• J *t  - 

A 

O k > < < 

O 

ft  O X T 

O 

ft  kC  4 fj  1 

ft  re 

U4»>N 

X 

ft  • ft 

o 

• ;•  a 4 

U M 

?.  C • 

C M V >!  4 

O o 

ft  ft  M- 

1 

a.  o x < 

« 

1 O ft 

o 

o 

ft  w ft 

ft 

1 


Figure  8.  Concluded 


ON«cn«o<B««inir«««oiMmi(i(<otoN««oiM« 
j NNNnmo)«««F‘0>H«a*<oxH*iMwNmn(Mniin 
\ OOOOOOCOOOO*H-*-4«MOOOOOOOOOOOOO 


0000000000000090000000  0 ooooo 


I 


oooooc-oc  ooc  oooooooooooocoooo 
oooooooooooooooooooooooooooo 
ooooooooooooooooooo  ooooooooo 
oooooooooooooooooooooooooooo 


ooooooo  ooooooooooooomomooooo 


§ 


8 


o>C'^rMfn^ir\t)r'aocro»~c'jm5rinio»^aoo*-<<Nm^'*>» 


Q 


i; 


j o>xnmhO>ON<r«®N«oa««iAin«««o>«<xiMh» 
v o p»o<  m « r m o -.»*•*•**« 

^ OOOOC.OOOOOOOOOOOOO— • — 4— «<NOOOOO© 

OOOOOOOOOOOOOOOOOOOOOOOOOOOO 


I 


NOTES:  Data  were  recorded  on  three  different  switch  positions 
Switch  Position  1 - TC  No.  12-81 
Switch  Position  2 - TC  No.  1-11,  82-160 
Switch  Position  3 - TC  No.  161-250 
See  Fig.  5b-5g  for  TC  locations 
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wsre  recorded  on  three  different  switch  positions 
Switch  Position  1 - TC  No.  12-81 
Switch  Position  2 - TC  No.  1-11,  82-160 
Switch  Position  3 - TC  No.  161-250 
Pig.  5b-5g  for  TC  locations 
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TABLE  2.  TEST  DATA  SUMMARY 
a.  Protuberances  on  Model 


*•- 

Re^XlO*® 

ft"1 

a, 

deg 

— B,  deg 

j. 

Sw  . 
Pos  . 

-ii 

-9 

-6 

-3 

0 

3 

6 

9 

ii 

rr 

a 

3 

rm 

WU 

25 

29 

21,24* 

32 

35 

1 

M i 

26 

30 

22 

33 

36 

2 

1 

II 

27 

31 

23 

34 

37 

3 

Mi 

6 

12 

2+,  5T , 9+,  56  + 

15 

28 

mam 

1 

■1 

7 

13 

3+. 10+. J>5+ 

16 

19 

1 

2 

mm 

8 

14 

4+, 11+.57+ 

17 

20 

M 

3 

H 

42 

45 

mi 

48 

51 

■ 

1 

43 

46 

■ 

49 

52 

1 

2 

II 

44 

47 

29 

50 

53 

| 

3 

4 

0 

mm 

112 

115 

92 

96 

88,91* 

99 

102 

E9 

in 

1 

Mm 

113 

116 

93 

97 

89 

100 

103 

ESI 

109 

2 

n 

114 

117 

94 

98 

90 

101 

104 

Iztfl 

3 

M 

■CT1 

63 

16 

74 

77 

80 

83 

i 

64 

67 

75 

ym 

78 

81 

84 

2 

II 

65 

68 

76 

Ea 

79 

82 

87 

!*?■ 

3 

H 

■m 

128 

142 

14  5 

EjEBMI 

148 

151 

Rl 

121 

1 

■HI 

129 

143 

146 

rnlfll 

149 

152 

122 

2 

f 

II 

■HI 

130 

144 

147 

150 

153 

Ell 

123 

3 

5 

5 

mm 

■ ■ 

sk 

194 

Hj 

198 

■ 

■ 

■ ■ 

1 

195 

199 

202 

2 

MM*' 

196 

200 

203 

■ 

3 

Rl 

185 

■ 

Tfim 

188 

■ 

l 

El 

186 

i 

189 

1 

2 

n 

um 

187 

■ 

nfl 

1 1 

190 

1 1 

3 

MM 

■ ■ 

mrrm 

■ 

ttwmmmm 

■ 

QE| 

■ ■ 

1 

205 

' 

208 

uSi 

■ 

2 

1 1 

! 1 1 

206 

209 

■ 

EEl 

i m 

3 

5 

O 

167 

171 

165+.166* 

175 

ca 

1 

, 

■ 

i 

170 

172 

163 

176 

2 

1 

1 

169 

174 

184 

177 

1 

3 

NOTES : 


No  superscript  - normal  model  attitude  as  defined  by  NASA/MMA  matrix' 

+ - Model  rolled  to  show  cable  tray 
• 0 , roll  model  - -31.5  deg 

♦ - Model  inverted  to  show  cable  tray  on  bottom  of  tunnel  or  get  Inverted  data 

Boundary  layer  trips  on  Model.  Groups  9,  10,  11  used  two  twisted  4 ail  wires. 

Groups  55,  56,  57  used  #60  grit. 

No  data  on  groups  1,  56,  86,  95,  137,  154,  155,  161,  197,  213,  254,  309  - zero  grow 

Invalid  data  on  groups  18,  54,  59,  60,  61,  69,  70,  85,  86,  108,  127,  156,  162,  168, 

173,  180,  183 

All  invalid  data  groups  were  repeated. 
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TABLE  2 . VEST  DATA  SUMMARY 
b.  Protuberances  Off  Model 


P,  deg 

-6  “I  IT 


328 

331 

334 

337 

329 

332 

335 

333 

330 

333 

336 

339 

316 

310+ 

319 

322 

317 

311+ 

320 

323 

318 

312  + 

321 

324 

300 

301 

302 

303 

304 

305 

282 

283 

284 

285 

286 
287 

306 

307 

308 

288 

289 

290 

291 

292 

293 

294 

295 

296 

297 

298 

299 

258 

273 

276 

279 

255+ 

264 

267 

270 

261 

259 

274 

277 

280 

256  + 

265 

268 

271 

262 

260 

275 

278 

281 

257  + 

266 

269 

272 

263 

229 

230 

231 

232 

233 

234 

235 

236 

237 

220 

221 

222 

214  + 
215+ 
216  + 

223 

224 

225 

241 

244 

238  + 

247,253 

250 

242 

245 

239+ 

248 

251 

243 

246 

240+ 

249 

252 

NOTES : 


l 

l 


No  superscript  - normal  model  attitude  as  defined  by  NASA/MMA  matrix 

+ - Model  rolled  to  show  cable  tray 
“ 0 , roll  model  « -31.5  deg 

£ - Model  inverted  to  show  cable  tray  on  bottom  of  tunnel  or  get  Inverted  data 

— Boundary  layer  trips  on  model.  Groups  9,10,11  used  two  twisted  4 mil  wires 
Groups  55,56,57  used  #60  grit. 
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